Data from a multi-parametric MRI study of patients with possible early-stage prostate cancer was assessed with a view to creating an efficient clinical protocol. Based on a correlation analysis suggesting that diffusion-weighted imaging (DWI) scores are more strongly correlated with overall PIRADS scores than other modalities such as dynamic contrast enhanced imaging or spectroscopy, we investigate the combination of T2-weighted imaging (T2w) and DWI as a potential diagnostic tool for prostate cancer detection, staging and guided biopsies. Quantification of the noise floor in the DWI images and careful fitting of the data suggests that the mono-exponential model provides a very good fit to the data and there is no evidence of non-Gaussian diffusion for b-values up to 1000 s/mm 2 . This precludes the use of kurtosis or other non-Gaussian measures as a biomarker for prostate cancer in our case. However, the ADC scores for healthy and probably malignant regions are significantly lower for the latter in all 20 but one patient. The results suggest that a simplified mp-MRI protocol combining T2w and DWI may be a good compromise for a cost and time efficient, early-stage prostate cancer diagnostic programme, combining robust * Corresponding author. 
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Introduction
Prostate cancer is the second most common cancer in men worldwide [1] .
For most developed countries there has been a decrease in death rates mainly due to earlier diagnosis combined with better staging and treatment [2, 3] . The diagnostic pathway has been driven by the use of serum prostate specific antigen (PSA) testing with subsequent transrectal ultrasound (TRUS) scan and prostate biopsies. However, the positive predictive value of a raised PSA and subsequent TRUS guided biopsies is low [4] , which leads to a considerable number of men undergoing unnecessary biopsies and a marked increase in the detection of clinically insignificant cancer [5] . This has significant cost implications and exposes patients to the inherent risk of biopsy and treatment [6] .
Diffusion-weighted imaging (DWI) is a functional magnetic resonance imaging (MRI) technique that takes advantage of the diffusion of water molecules in
tissue to obtain information about tissue microstructure by calculating quantities such as apparent diffusion coefficient (ADC), which have been shown to be inversely correlated with increased cellularity in different tumor types [7] .
DWI has shown potential in differentiating malignant from benign prostate tissue, but it is usually used in combination with T 2 -weighted imaging (T2w) and other MRI techniques for diagnostic purposes. Tissues with restricted diffusion tend to also have lower signal on T2w images [8] . The combination with T2w
and advanced MRI techniques such as DWI, dynamic contrast enhanced imaging (DCE) and spectroscopy (MRS), known as multi-parametric MRI (mp-MRI), can improve diagnosis and staging for the peripheral prostate zone [9] .
The aim of mp-MRI is three-fold: Potentially avoid prostate biopsies when these are unnecessary; Target biopsies particularly in men who have previously undergone a negative transrectal ultrasound scan and prostate biopsy and fi-nally to stage the disease in line with National Institute For Health and Clinical Excellence (NICE) guidelines [10] when patients have been diagnosed and entering an active surveillance protocol. In addition there is some evidence to suggest that these advanced MR techniques are useful in detection of low volume low grade prostate cancers that require no active treatment and are often perceived as being over diagnosis [11] . There is also the prospect of cancer localization in patients with elevated PSA who have several negative biopsies [12, 13, 14] 
Data analysis
The MR images were assessed by an experienced radiologist. 26 of the patients selected were considered to have no abnormalities or benign conditions e.g. benign prostatic hyperplasia. For the remaining 20 patients with suspected cancer, the radiologist delineated suspicious and normal regions using customshaped regions of interest (ROIs) based on the T2w images. The same ROIs were applied to the ADC data sets after conversion to adjust for differences in image resolution. Post-processing and calculations were performed using inhouse code written in MATLAB.
To assess background noise levels for the signal-to-noise (SNR) analysis in the diffusion-weighted images, a ROI above the patient's abdomen was selected.
It was not possible to place a ROI for every patient due to artifacts in some of the images that made it impossible to select a suitable ROI in the air-only region above the patient's abdomen. To evaluate the level and variability of the noise for different slices and b-values, the mean signal intensity was computed for all slices and b-values for 28 patients.
ADCs for the normal and suspicious regions were calculated by applying a least squares linear fit of the logarithm of the signal S as a function of the b-value according to
where S 0 is the signal at b = 0 and D is the ADC.
The same fitting routine was used to calculate ADCs for each voxel inside the prostate for all 46 patients and to generate ADC maps. To visualize the signal decay as a function of b-value for all voxels inside the prostate and assess its linearity on a logarithmic scale, 3D waterfall plots were generated. To elucidate the distribution of ADC values inside the prostate, ADC histograms were computed by placing the data in bins of 50 mm 2 /s. The quality of each fit for both single voxel and mean ROI signal fits was assessed by calculating R 2 , the square of the correlation between the response valuesŷ i and the predicted response valuesȳ i . R 2 is a measure of how well the fit models the variation in the data. It is defined as the ratio of the sum of squares of the regression (SSR) and the total sum of squares (SST)
where E SSR is defined as
and E SST is the sum of squares about the mean
E SSE is the sum of squares due to error and
take on values between 0 and 1. A value closer to 1 is indicative of a greater scores. DWI appears to be most reliably correlated with the overall PIRADS scores, whereas the correlation for the MRS scores is approximately 65%.
proportion of variance accounted for by the model.
The PIRADS scoring was performed by the same experienced radiologist by evaluating the data for each technique and assigning a value between 1 and 5 according to the level of significance. The overall PIRADS score indicates the probability of malignancy on imaging criteria. To assess the correlation of PIRADS scores for different MR techniques and overall PIRADS scores, and quantify the potential prognostic value of each technique with reference to the overall PIRADS score, Pearson correlation coefficients between −1 and +1 were computed, +1 indicating perfect positive, −1 perfect negative and 0 no linear correlation [16, 17] .
Results

Correlation of PIRADS Component Scores vs Total Scores
The Pearson correlation coefficients for the component and overall PIRADS scores in with the overall PIRADS score, suggests that, in this cohort at least, it does not add diagnostic value.
A posteriori background noise analysis
Noise levels were fairly low with the mean signal intensity in the noise ROIs exceeding 6 (in arbitrary units) for only a few points (Table 1) . A typical noise stem plot and noise distribution histogram is shown in Fig. 1 . Fig. 1 (a) shows the noise level for each slice for four different b-values in different colors. We observe that the noise levels do not vary significantly with slice position and b-value as expected. Fig. 1 (b) shows that the background noise level is more or less normally distributed around a mean value (red dashed line).
Based on the resulting estimates for the noise level, the threshold for significance was set to 10, i.e., any points with signal intensity below 10 were excluded from fits. For the purposes of reporting by the radiologist, the ADC maps generated by the scanner software were used.
ADC Maps, Distribution of ADC values & Quality of Fit
ADC maps were computed for all patients and all slices. An example of a typical ADC map is shown in Fig. 3 (a) . A typical distribution of ADC values for voxels inside the prostate is shown in Fig. 4 (b) . The respective histogram of the corresponding correlation coefficient R 2 ( Fig. 4 (b) ) shows that R 2 is ≥ 0.95 for almost all voxels, suggesting that the linear monoexponential decay model provides a good fit for the data. The linearity of the signal decay for all voxels is further evidenced by 3D waterfall plots, a typical example of which is shown in Fig. 3 (b) . The plot clearly shows that the logarithm of a signal intensity varies linearly with b for the range of values 0 s/mm 2 to 1000 s/mm 2 for all voxels, i.e., we observe no evidence of non-Gaussian diffusion. This is not too surprising as usually a minimum b-value of 1500 s/mm 2 is required to quantify non-Gaussianity [18] . In the waterfall plots brighter colors (yellow) indicate higher signal and darker colors (blue) lower signal.
ADC values for normal and suspicious ROI for patients
Fig . 5 shows a typical signal vs b-value plots for a normal and a suspicious ROI for a patient with suspected cancer. The signal decays faster, i.e., the ADC is higher, in the normal region. In both cases the linear fit is excellent, the signal remains well above the noise floor for all b-values and the variation of the signal over the respective ROI is small. Table 3 shows the ADC for the normal and suspicious regions for the 20 patients with suspected cancer, showing that the ADC for the suspicious ROIs is lower than the value for the normal ROI except for one outlier.
Discussion
The combination of advanced MR techniques (mp-MRI) has become a use- cancer [19] . It is highly important for staging and has the potential to assist therapy guidance in the future [20] . According to Ahmed et al. [11] prostate biopsies could be avoided by a large proportion of men if mp-MRI was applied for screening. Isebaert et al. [21] showed that the combination of T2w, DWI and DCE increased sensitivity. Tan et al. [22] reported that DCE combined with T2w improved prostate cancer detection but Hansford et al. [23] demonstrated low differentiating value between cancerous and healthy regions in the prostate especially in early-stage cancers. Our result suggest that DWI has the highest correlation with overall PIRADS scores and our preliminary data on DWI combined with T2w imaging in a cohort of patients selected for mp-MRI screening gives promising results in terms of discrimination between normal and suspicious tissue. This raises the possibility of tailoring mp-MRI protocols for screening purposes. Dropping DCE and MRS significantly reduces the overall examination time, in our case from 55 to 25 minutes, resulting in considerable cost savings, improved patient experience and elimination of potential short and long-term risks associated with exposure to gadolinium-based contrast agents [24] .
Except for one, all probably malignant cases (based on PIRADS scoring) had
higher ADC values for suspicious ROIs than respective normal ROIs (Fig.2 ), in line with previous studies [25, 26, 27] . Table 1 indicate that the level of background noise for different patients is relatively constant, provided the same protocol and coils are used, as expected. The noise level for acquisitions with b = 0 was slightly greater than for higher b-value images due to overall increased signal strength in the former case, but the differences were insignificant. Similarly, there was little variation of the noise level for different slices and the overall distribution of the background noise level for all slices and b-values followed a normal distribution with small variance. In our case the maximum value of the noise level observed was 7.3 and setting the threshold of significance to 10, i.e., discarding any data points with signal values below 10, appeared sufficient to avoid noise-floor fitting effects for normal and suspicious region fits as well as single voxel fits.
The single voxel analysis further enables studying the distribution of the ADC values within the whole prostatic region, producing ADC maps ( Fig. 3 (a) ) and histograms that can aid clinical diagnosis by comparing the ADC values for a suspicious region with the overall distribution for a particular patient. Although the range of ADC values for different patients is subject to variation we observe significant uniformity in the distribution of ADC for each patient, as shown in Fig. 4 (a) for example. We also assessed the quality of the linear regression fits. The vast majority of our data resulted in fits with R 2 values very close to 1 (Fig. 4 (b b-values would be desirable.
Conclusions
Although further studies with a larger patient cohort are required to assess the reliability of T2w and DWI alone for early-stage prostate cancer screening examinations, our preliminary results suggest that DWI combined with T2w could be a useful clinical tool for prostate cancer assessment and management.
It could improve the efficiency of MRI-based screening protocols, reducing scan times and facilitating reporting by radiologists, especially when combined with artificial intelligence.
Our finding that DCE results correlated poorly with overall PIRADS scores and demonstrated no added value in this study may be due to DCE characteristics being mostly of value in the assessment and staging of more advanced and larger tumors. Though not the subject of this paper, the same likely applies to MRS. The limited spatial resolution and partial volume effects combined with overall noisy spectra make it difficult to detect spectroscopic biomarkers for prostate cancer for early-stage, small volume lesions. MRS is likely to be more useful in the assessment of larger tumors.
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